Abstract. As the majority of gliomas arise through malignant transformation of astrocytes, we aimed at investigating the interaction between malignant glioma cells and astrocytes in a co-culture experimental model. For this purpose we analyzed the expression of genes and proteins involved in tumor promotion and invasion, such as glial fibrillary acidic protein (GFAP), matrix metalloproteinase-2 (MMP-2), tissue inhibitor of MMP-2 (TIMP-2), transforming growth factor-ß1 (TGF-ß1), secreted protein acidic and rich in cysteine (SPARC), and connexin 43 (CX43). Co-cultures of human neural stem cell-derived astrocytes and U87 MG astrocytoma cells were performed in a transwell system. Gene expression was evaluated by real-time RT-PCR, and protein analysis was performed by Western blotting, SDS-zymography, and immunofluorescence. GFAP tended to be up-regulated in astrocytes co-cultivated with U87, suggesting a reactive response induced by glioma cells. CX43 mRNA tended to be down-regulated in co-cultured astrocytes, as well as the nonphosphorylated isoform at the protein level. MMP-2 mRNA tended to be up-regulated, and MMP-2 protein levels were significantly increased in astrocytes co-cultivated with U87. TIMP-2 and SPARC mRNA decreased in astrocytes cocultivated with U87, showing lower expression in glioma cells. By contrast, SPARC protein expression was strongly induced in supernatants of co-cultured astrocytes. TGF-ß1 was not modified. Our results suggest that U87 cells elicit phenotype modifications in the neighbouring resident astrocytes very likely mediated by soluble factors. Glioma/ astrocyte interaction could possibly trigger an astrocyte phenotype modification consistent with a malignant transformation, and favouring a more permissive environment for glioma cells invasion.
Introduction
Gliomas are the most common primary brain tumors, accounting for >40% of all central nervous system neoplasms (1) . Malignant gliomas, deriving from neoplastic transformation of astrocytes, are characterized by the aggressive and widespread invasion of glioma cells into surrounding brain tissue (2) . The infiltrative potential of gliomas limits the efficacy of surgical resection and targeted radiotherapy, leading to an unfavorable prognosis even in response to multidisciplinary treatment strategies.
Gliomas are 'intraparenchymally metastatic' tumors (3), invading the brain in a non-destructive manner that suggests cooperation between invading glioma cells and their environment, possibly using resident astrocytes as substrate (4) .
The mechanism by which glioma cells migrate and invade adjacent normal brain tissue are not yet completely understood, and the behaviour of resident normal astrocytes outside the tumor has not been detailed.
Tumor growth is the result of an evolving cross-talk between malignant and surrounding normal cells. The microenvironment of tumor cells plays a key role in the growth of the tumor, and its modification and remodeling allows tumor invasion, in particular upon up-regulation of matrix metallo- ONCOLOGY REPORTS 22: 1349 -1356 Glioma-astrocyte interaction modifies the astrocyte phenotype in a co-culture experimental model proteinase (MMP)-2, as observed in cell lines and resected specimens (5, 6) . The previous observation of reactive astrocytes around glioma cells in the brain (7) suggested the possibility that these two cell types could be interacting. In particular, it was hypothesized that this interaction results in exploitation of the astrocyte environment by glioma cells, leading to a remodeling of the surrounding matrix and increased tumor invasiveness.
Although the role of MMP in glioma tumorigenicity is well established, it remains to be determined whether gliomaastrocyte interactions affect other aspects of astrocytes. Normal resident astrocytes and glioma cells interact via gap junctions and growth factors, and the glioma cells could elicit a phenotypic transformation of astrocytes in order to render the brain parenchyma more permissive to glioma invasion.
As the majority of glioma arise through malignant transformation of astrocytes, we aimed at investigating the effect of the interaction between malignant glioma cells and astrocytes in a co-culture experimental model. For this purpose, we focused on astrocytes and we analyzed whether glioma cells triggered any phenotypic change of astrocytes, by analyzing the expression of genes and proteins typical of normal astrocytes and of proteins involved in tumor promotion and invasion.
Materials and methods
Human neural stem/precursor cell isolation and expansion and differentiation protocol. Human neural stem/precursor cells (hNPCs) were derived from the telencephalon and diencephalon of a single 10.5 post-conception week human foetus, as described (8) . Briefly, cells were grown and expanded in a chemically defined, serum-free medium in the presence of basic fibroblast growth factor (FGF)-2 and epidermal growth factor (EGF) (10 and 20 ng/ml, respectively) (growth medium).
To induce differentiation of hNPCs into astrocytes, suspensions of single cells were plated on Matrigel (BD Biosciences) coated 6-well plates (250,000 cells/well), in growth medium w/o EGF for the first 72 h. The medium was then replaced with fresh control medium (w/o growth factors) plus 1% fetal calf serum (FCS). The cells were cultured for further 5 days in vitro before processing for co-culture experiments.
Cell cultures. U87 MG cells were obtained from European Cell Culture Collection and used at the 5th passage for cocultures experiments. Co-cultures of hNPC-derived astrocytes and U87 astrocytoma cells were grown in a transwell system with a 0.4 μm pore size. hNPC-derived astrocytes (AA) were seeded in the lower compartment of a 6-well transwell system (2.5x10 5 cells); in the insert U87 (1.25x10 5 or 2.5x10 5 cells) were cultured, or DMEM was placed. Cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS), antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin), and 0.0025 μg/ml ampotericin B. For analysis cells were maintained for 48 h in serum-free DMEM and then harvested. Each sample was cultured in duplicate, and each co-culture experiment was repeated 3 times.
Immunocytochemistry. AA and U87 were cultured on 12-mm diameter round coverslips put into 24-well culture plates and cultured for 48 h. Cells were washed in phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde in PBS containing 2% sucrose for 5 min at room temperature, and post-fixed in 70% ethanol and stored at -20˚C until use. The cells were then washed in PBS 3 times and incubated overnight at 4˚C with monoclonal anti-GFAP primary antibody (1:800, Chemicon, Temecula, CA). Secondary antibody conjugated with rodhamine (1:500, Molecular Probes, Invitrogen) was applied for 1 h at room temperature, followed by rinsing with PBS. Negative controls were incubated omitting the primary antibody. After the labelling procedure was completed, the coverslips were mounted onto glass slides using a mounting medium with DAPI. The cells were photographed by a digital camera connected to the microscope. GAPDH was used as endogenous control to normalize for differences in the amount of total RNA in each sample. Amplification reactions were conducted in a 96-well plate in a final volume of 20 μl per well containing 10 μl of 1X SYBR Green Supermix (BioRad), 2 μl of template, 300 pmol of each primer, and each sample was analyzed in triplicate. The cycle threshold (Ct) was determined and gene expression levels relative to that of GAPDH were calculated by the 2 -ΔΔCt method.
SDS-zymography. MMP-2 protein levels and activity were assessed by SDS-zymography in cell culture supernatants. Culture media were mixed 3:1 with sample buffer (containing 10% SDS). Samples (5 μg total protein per sample) were run under non-reducing conditions without heat denaturation onto a 10% polyacrylamide gel (SDS-PAGE) co-polymerized with 1 mg/ml of type I gelatin. The gels were run at 4˚C. After SDS-PAGE, the gels were washed twice in 2.5% Triton X-100 for 30 min each and incubated overnight in a substrate buffer at 37˚C (Tris-HCl 50 mM, CaCl 2 5 mM, NaN 3 0.02%, pH 7.5). The matrix metalloproteinase (MMP) gelatinolytic activity was detected after staining the gels with Coomassie brilliant blue R250, as clear bands on a blue background (9).
Western blotting. Cells were lysed in Tris-HCl 50 mM pH 7.6, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 150 mM MgCl 2 , 1% SDS, protease inhibitors and 1 mM sodium orthovanadate. Total proteins (20 μg) were diluted in SDSsample buffer, loaded on a 10% SDS-polyacrylamide gel, separated under reducing and denaturing conditions at 80 V, and transferred at 90 V to a nitrocellulose membrane in 0.025 M Tris, 192 mM glycine, 20% methanol, pH 8.3. After electroblotting, the membranes were air-dried and blocked for 1 h. After being washed in TBST (TBS/Tween-20, 0.05%), membranes were incubated for 1 h at room temperature in monoclonal antibody to GFAP (1:500 in TBST, Santa Cruz Biotechnology, Santa Cruz, CA). After washing, membranes were incubated in HRP-conjugated rabbit anti-mouse serum (1:80,000 dilution in TBST, Sigma). To investigate CX43 protein levels, membranes were reacted with polyclonal anti-CX43 (2 μg/ml in TBST, Zymed) and HRP-conjugated anti-rabbit serum (1:20000 dilution, Sigma, Milan, Italy). To confirm equal loading, membranes were reprobed by monoclonal antibody to ·-tubulin (1:2000 dilution, Sigma). Immunoreactive bands were revealed using the Amplified Opti-4CN or the Opti-4CN substrate Bio Rad (BioRad).
SPARC protein levels were assessed in cell culture medium. Total proteins (25 μg) were run on 10% SDS-PAGE gels and electro-blotted as described above. Membranes were incubated in anti-SPARC monoclonal antibody (1:100 in PBST, Novocastra), followed by HRP-conjugated anti-mouse serum (1:6000 dilution, Sigma), and revealed by Opty-4CN substrate. The lysis and immunoreactive bands were analyzed by densitometric scanning (UVBand, Eppendorf).
Statistical analysis. All tests were run in duplicate. The GraphPad Prism version 5.0 software package (GraphPad Software) was used for the statistical analysis. Data are expressed as mean ± standard error (SEM), and were analyzed by one-way analysis of variance (ANOVA) followed by the Student-Neumann-Keuls test. p<0.05 was considered significant.
Results

GFAP expression.
The immunofluorescence analysis revealed that AA co-cultivated with U87 (Fig. 1A, panel b) are strongly positive for GFAP, compared to AA alone (Fig. 1A, panel a) , suggesting that glioma/astrocyte interaction induces activation of AA. By contrast, U87 cells (Fig. 1A, panel c) are weakly immunoreactive, confirming a down-regulation of GFAP in malignant gliomas. This finding was confirmed by Western blot analysis (Fig. 1B and C) , showing a tendency in GFAP up-regulation in co-cultured AA, compared to AA, and a significant decrease of GFAP immunoreactivity in U87, compared to AA and co-cultured AA (p<0.001 for U87 vs. AA, AA+1.25x10 5 U87, AA+2.5x10 5 U87). MMP-2 and TIMP-2 expression. MMP-2 mRNA levels tended to increase in AA co-cultivated with U87, and were highly up-regulated in U87 (p<0.001 for U87 vs. AA+1.25x10 5 U87, AA+2.5x10 5 U87) ( Fig. 2A) . Conversely, SDS-zymography of cell supernatants revealed that the glioma/astrocyte interaction strongly up-regulated MMP-2 at the protein level ( Fig. 2B and C) . We observed a significant increase of MMP-2 activity in all supernatants from co-cultured AA, compared to AA alone (p<0.001 for AA vs. AA+1.25x10 5 U87, AA+2.5x10 5 U87 and U87). Interestingly, there is a significant increase of MMP-2 activity in supernatants from co-cultured AA depending on the number of U87 cells seeded in the insert of the transwell system (p<0.001 for AA+2.5x10 5 U87 vs. AA+1.25x10 5 U87). The highest activity was evident in U87 supernatants (p<0.05 for U87 vs. AA). An opposite pattern was evident for TIMP-2 gene expression (Fig. 3A) , that slightly tended to decrease in AA co-cultivated with U87, showing the lower expression in U87 (p<0.001 for U87 vs. AA; p<0.05 for U87 vs. AA+1.25x10 5 U87 and AA+2.5x10 5 U87).
TGF-ß1 gene expression. TGF-ß1 gene expression was similar in AA alone and in co-cultured AA, and tended to be slightly up-regulated in U87 (Fig. 3B) .
SPARC gene and protein expression. SPARC gene expression (Fig. 4A ) tended to decrease in AA co-cultivated with U87, showing lower expression in glioma cells (p<0.001 for U87 vs. AA; p<0.05 for U87 vs. AA+1.25x10 5 U87 and AA+2.5x10 5 U87). SPARC protein levels were similarly expressed in cell lysates obtained from AA, co-cultured AA, and U87 (Fig. 4B) . By contrast, SPARC protein levels in supernatants displayed an opposite pattern. SPARC was almost undetectable in AA alone, but its expression was up-regulated in co-cultured AA and in U87 (p<0.001 for AA vs. U87; p<0.01 for AA vs. AA+2.5x10 5 U87; p<0.05 for AA+1.25x10 5 U87 vs. U87) (Fig. 4C) .
CX43 expression. CX43 expression was evaluated both at the mRNA and at the protein level. Gene expression analysis shows that CX43 tended to be down-regulated in AA cocultured with U87, reaching the lowest expression in U87 glioma cells (p<0.01 for U87 vs. AA) (Fig. 5A) . Western blot analysis demonstrates the pattern of CX43 protein expression (Fig. 5B) . Three isoforms of CX43 could be separated on SDS-PAGE and visualized after immunoblotting as three distinct bands: a non-phosphorylated isoform (NP), and the two phosphorylated isoforms of the protein (P1 and P2). CX43-NP isoform (open gap junction) immunoreactivity was high in AA, tended to decrease in co-cultured AA, and was completely undetectable in U87. In the same samples the CX43-P isoform (closed gap junction) tended to increase in co-cultured AA. Interestingly, glioma/astrocyte interaction tended to decrease the CX43-NP/CX43-P ratio in co-cultured AA, compared to AA alone (p<0.05 for U87 vs. AA, AA+1.25x10 5 U87, AA+2.5x10 5 U87) ( Fig. 5B and C) , suggesting that CX43 posttranscriptional phosphorylation influences the open/close status of the gap junction.
Discussion
Glioblastoma cells are characterized by cellular heterogeneity (10) and, due to their exceptional migratory capacity, they are able to diffusely infiltrate normal brain (11), making total surgical removal impossible; therefore, patients have a poor prognosis, even in response to multidisciplinary treatment strategies including surgery, radiotherapy and chemotherapy (12, 13) . Intra-parenchymal invasion of glioma occurs in a non-destructive manner (3), suggesting that glioma cells may establish relationships of cooperation with their environment and in particular with resident brain astrocytes. We focused our attention on the characterization of astrocyte phenotype co-cultured with U87 glioma cells, in order to enlighten how glioma and astrocytes interact, thus providing a possible mechanism of glioma progression.
GFAP is the intermediate filament protein marker of astroglial cells, whose assembly/disassembly status is regulated by phosphorylation, thus affecting cytoskeletal network, cell morphology, motility, differentiation, growth, and mitosis (14) . GFAP is also present in astroglial cell nuclei as the major component of the nuclear lamina. With increasing astrocytic malignancy, a progressive loss of GFAP production was reported (15) .
In our study, most glioblastoma cells exhibited GFAP immunofluorescence with variations in intensity, and they showed only a diffuse and weak fluorescent signal for GFAP. This is consistent with the previously reported reduced GFAPpositivity in high-grade astrocytomas (16) , and a progressive loss of GFAP production described with increasing astocytic malignancy (17) . A relationship between increased GFAP protein expression and suppression of glial tumor growth (18) , inhibition of cell-cycle progression, and decreased proliferation was previously reported (19) .
By contrast, our data show that co-cultured astrocytes tended to overexpress GFAP, compared to astrocytes cultured alone. This evidence suggests that U87 may trigger astrocyte activation and therefore a modification of their phenotype. A strong GFAP immunopositivity was previously reported in vitro (20) and in astrocytes at the periphery around the tumor and, interestingly, these glial cells express primarily MMP-2 and VEGF (21) .
Degradation of the ECM in the cell microenvironment is thought to be critical for tumor migration and invasion. MMP-2 is one of the major gelatinolytic MMPs produced in the glioblastomas (22) . MMP-2 is the gelatinase mainly involved in extracellular matrix remodeling during tumor invasion, allowing tumor cells to break down basement membranes and diffuse into the surrounding tissues.
Its expression is related to the glioma malignancy grade (23) (24) (25) , and it was suggested that the modulatory effects of MMP-2 on tumor cell migration could be attributed to both matrix degradation and alterations of adhesion receptors on the cell surface (26) , as well as to its involvement in actin mediated motility (27) .
The role of TIMP-2, the main inhibitor of MMP-2, is complex. A decrease in overall TIMP-2 expression is reported with increasing grade in gliomas, particularly when measured relative to increasing MMP-2 (28, 29) .
We observed a significant MMP-2 protein up-regulation in astrocytes co-cultivated with U87, and the concomitant tendency to down-regulation of its inhibitor, TIMP-2, suggesting that U87 could induce a modification of the phenotype of neighboring astrocytes; this phenotype is consistent with a higher ability in remodeling the extracellular matrix of the tumor microenvironment and thus favoring and allowing tumor invasion. At the same time, however, since MMP-2 is reported to be increased in relation to glioma malignancy grade, we hypothesize that MMP-2 overexpression induced by U87 in co-cultured astrocytes may be related to a modification of astrocyte phenothype, and that U87 may trigger a malignant transformation of the resident surrounding normal astrocytes. SPARC is an important multifunctional glycoprotein that influences several biological processes including cellextracellular matrix interaction, and cell differentiation, migration and proliferation. SPARC is highly expressed in human brain tumors (30, 31) and in gliomas, regardless of grade, SPARC was highly expressed in the peripheral regions of tumors as well as adjacent to the normal brain tissue (30) . Increased SPARC expression correlates with glioma invasion in vitro (32, 33) and in vivo (33) (34) (35) . This is accomplished by up-regulation and activation of MMP-2, and a possible mechanism involved in increased SPARC-dependent ECM degradation via MMP may involve galectin-3 (36) . However, the effects of SPARC are complex, and the ability of SPARC to promote invasion depends on the level of its secretion and to the local tumor environment (35) . Both low and higher levels of SPARC correlated with more proliferation and promoted a level of ECM adherence conductive for migration in vivo, whilst intermediated levels would promote stronger adherence and less migration. In addition, it was hypothesized that increased glioma invasion would be accompanied by delayed cell growth (35, 37) . SPARC has a suppressive effect on glioma cell proliferation, delaying cell growth in vitro (37) , and delaying tumor growth in rat brains in vivo (35) . Intracellular SPARC down-regulation, possibly as a consequence of promoter methylation, was previously reported in human ovarian cancer (38) , inducing a delay of cell cycle progression; so the higher level of SPARC is related to the greater percentage of cells in G0/G1 or G2/M phase (37) . High levels of SPARC are therefore consistent with a reduced ability to enter the cell cycle and, as a consequence, with a reduced cell proliferation. If cell cycle progression is inhibited by SPARC, it is likely that SPARC functions also in cell differentiation. In fact, SPARC has exhibited prominent expression during the terminal differentiation of cultured human keratinocytes (39) , and is believed to regulate terminal differentiation of lens epithelial cells (40) .
It was suggested that SPARC may elicit different effects extra-and intracellularly. It is known that SPARC exerts its de-adhesive effects extracellularly through an antagonistic action involving integrin signalling (41) . As previously reported (42) , SPARC may be translocated in the nucleus after endocytosis, where the protein may exert its effects on the cell cycle.
Our data show that astrocytes express higher levels of SPARC mRNA whilst astrocytes co-cultured with U87 tended to down-regulate SPARC gene expression, suggesting that U87 could interact with astrocytes inducing their proliferation and, possibly, their dedifferentiation, and therefore triggering their malignant transformation. To confirm this hypothesis we also analyzed SPARC protein levels in cell lysates. Our results show that AA, co-cultured AA and U87 display similar intracellular SPARC protein levels, suggesting that the proliferative potential of AA is not affected by U87. By contrast, U87 induced SPARC protein level up-regulation in supernatants of co-cultured astrocytes, suggesting that U87 affect the phenotype of normal resident astrocytes rendering them more able to remodel the tumor micro-environment and more invasive and, very likely, malignant. This hypothesis is consistent with the results of a recent study showing that intracerebral injection of glioma cells transfected with SPARC siRNA in nude mice resulted in the formation of a non-invasive tumor (33) .
The comprehension of the very complex mechanisms regulating the different extra-and intracellular SPARC protein levels should be useful in understanding the role of SPARC as a possible target for glioma treatment.
CX43. Gap junctions are ubiquitously expressed by many types of cells, and they are involved in diverse processes related to the regulation of major cell functions including proliferation, differentiation, and cell homeostasis (43) (44) (45) (46) . CX43 is the most abundant gap junction connexin expressed in astrocytes and glioma cells, and a reduced expression of CX43 has been demonstrated in numerous cancer cells (47, 48) , including glioma cells. Loss of gap junction coupling has been implicated in malignant transformation: CX43 expression decreases as the grade of glioma/ astrocytoma worsens and an inverse correlation between CX43 expression and tumor malignancy grade exists (44, (49) (50) (51) . Furthermore, forced expression of CX43 has been shown to inhibit proliferation of C6 glioma cells both in vitro and in vivo, suggesting that the CX43 gene can act as a tumor suppressor (52, 53) . Since gap junctions are closely associated with the control of cell growth (54) , growing evidence suggests that CX43 may function as a tumor suppressor gene (44) .
CX43 was previously analyzed in direct co-culture experimental models (4, 55) and in brain tumor tissues (51) , and resulted strongly up-regulated at the margin of tumor invasion as a result of a direct astrocytes-glioma interaction. In our experimental model, we found decreased CX43 gene expression and down-regulation of the non-phosphorylated/ phosphorylated CX43 ratio in co-cultured astrocytes, possibly exerted by soluble factors produced by U87.
Interestingly, CX phosphorylation represents a further mechanism involved in gap junction intercellular communication, since it may favour its internalization and degradation (56) . On the basis of our results, we hypothesize that glioma/astrocyte interaction modulates CX43 gene and protein expression, in particular acting on the posttranslational regulation of CX43 by phosphorylation. We observed a decrease of the NP isoform (open gap junction) of CX43. This result suggests that glioma cells influence neighbouring astrocytes very likely modifying their phenotype towards a malignant-like phenotype in which CX43 is downregulated.
The tumor microenvironment is increasingly recognized as shaping tumor phenotypes, including invasiveness, and therefore the assessment of the relative roles of glioma and astrocytes in glioma progression is useful. Considered as a whole, our results suggest that U87 may elicit phenotype modifications of the surrounding resident astrocytes very likely mediated by soluble factors. Our experimental model suggests that glioma/astrocytes interaction could induce astrocyte activation and their phenotype modification.
On the basis of our results, we can hypothesize that these phenotypic changes may be consistent with a malignant transformation of astrocytes triggered by glioma cells, and/or may render the brain parenchyma permissive to glioma invasion.
Our study contributes to the understanding of the mechanisms that regulate glioma histogenesis and tumorigenesis, and may be useful in the development of new therapeutic strategies to improve the prognosis of patients with incurable gliomas.
